Downslope flows into density-stratified environments have been observed to have the character of detraining gravity currents on small slopes, and of entraining plumes on steep slopes. In this paper, observations of flows on slopes of intermediate (20
Introduction
The nature of mixing in downslope flows into stratified environments is important for the dynamics of nocturnal flows on sloping terrain in the atmosphere, and of dense overflows in the ocean (Price & Baringer 1994; Nielsen, Pratt & Helfrich 2004) . Experimental studies of the flow of dense fluid down slopes into density-stratified environments have been described for the case of small (12
• and less) slopes in Baines (2001a) and for vertical (90 • ) slopes in Baines (2002) . In the case of small slopes, the flow has the character of gravity currents, and detrains fluid continuously to the environment along its path down to the level of neutral density, where it leaves the slope in the form of an intrusion. On a point of terminology, the terms 'gravity current' and 'density current' are used interchangeably in the literature; the term 'gravity current' is chosen here. With vertical slopes, on the other hand, the flow has the character of turbulent plumes. In the stratified environment, these plumes entrain environmental fluid into them along their path, overshoot the equilibrium level of neutral density, and then return to it in a large-scale motion termed 'springback'. Theoretical models for the bulk properties of these flows, including mixing and entrainment, were presented and compared with the experiments. The study reported here investigates downslope flows for the ranges of parameter values that lie in between these two extreme situations, using the same techniques as in the previous studies. Nearly all the experiments described here are for slope angles between 20
• and 30
• , and both flow types were observed over this range of slope angles. Between these two types there is a transitional range, as described here. Experiments have also been performed with increased roughness on the sloping bottom, and this is found to affect the flow type.
The plan of the paper is as follows. The experimental set-up and the runs carried out are briefly described in § 2, and the quantitative observations and descriptions of the flows are presented in § 3. The theoretical model for flow in the plume or P-regime is discussed and compared with observations in § 4, and similarly for flows in the gravity current or GC-regime in § 5. The boundary in parameter space between these two regimes is described in § 6, and the conclusions are summarized in § 7. An early version of some of these results was presented in Baines (2001b) .
There is no need to summarize the details of the pure gravity current and plume flows, since they are given in Baines (2001a Baines ( , 2002 , but the basic scaling is repeated here for later convenience. In any experimental downflow with a constant supply of uniformly dense fluid into a uniformly stratified environment, the principal given parameters are the initial volume inflow rate Q 0 and buoyancy G 0 , and the buoyancy frequency of the environment, N. The local parameters Q and G also specify the state of the flow at subsequent positions. Here, we assume that the flow is uniform across the slope (i.e. in the y-direction), so that the properties are two-dimensional in the mean. The parameters Gand N are given by
where z is the vertical coordinate, g is the acceleration due to gravity, ρ 0 is the undisturbed environmental density profile withρ 0 a mean value, and ρ is the local difference between density of the fluid in the downflow and the environment. From Q and G we may define a length scale L and time scale τ by
L may be approximately identified with the thickness of the current,d (strictly, d = (R i ) 1/3 L, where Ri is defined by (1.5)). The scale speed is then (QG) 1/3 = L/τ ≈ (Gd) 1/2 . The principal dimensionless parameter that can be formed from these quantities is B, the buoyancy number of the downflow, defined as
where D s denotes the local vertical distance above the level where the environmental density is equal to the local mean density of the fluid in the downflow (the parameter B was termed M in Baines (2001a) ; the change was prompted by a referee who suggested that a suitable name be given to this parameter, now known as the buoyancy number). B 0 is taken to be the principal parameter that characterizes each experimental run. If B is small, the time scale τ is small compared with the buoyancy period, and the thickness of the downflow is small compared with the vertical distance of travel.
Values of B of order unity and larger are unrealistic for these flows, as the current thickness would be of the same order as its vertical length of flow for such values. Hence, B 1 for most runs. Figure 1 . Plan and side views of the tank used in these experiments. A central vertical section of the flow on the slope was illuminated by a thin sheet of laser light from above, and video-recorded by viewing from the side. Only part of the total width of the tank was used, which enables the simulation of an effectively longer tank for these experiments. All measurements are in cm.
The other dimensionless parameters of relevance are the slope angle θ, the Reynolds number Re and Richardson number Ri, given by
If the Reynolds number is sufficiently large (say, > 300), the dependence of the flow on its value appears to be small. For these cases the value of Re is not considered in the subsequent analysis, but it does have a noticeable effect when values are small. The value of the Richardson number is not predetermined, sinced is determined by the dynamics, and must be observed.
Experiments
The experiments were carried out in a glass-sided tank with the configuration shown in figure 1. This is a very similar set-up to that described by Baines (2001a) . This tank was rectangular in cross-section, 80 cm high with internal dimensions of 299 cm in length and 38 cm in width, open at the top and with a solid horizontal bottom. The effective working length of the tank was extended by inserting a thin vertical Perspex partition, extending from one end to a point 25 cm short of the other end, and with a uniform gap of 23 cm on one side and 15 cm on the other. The main working region of the tank was in the wider region of width 23 cm, and the experiment was made two-dimensional in this region as far as possible. For the low-frequency motions and changes produced in the ambient stratification, the fluid behind the partition could be regarded as a two-dimenional extension of the working region. A horizontal platform or shelf 40 cm long with a plane downward sloping extension 2 m in length was inserted at the closed end of this region. The height of the horizontal platform varied from 20 to 40 cm depending on the slope angle. Three slope angles were used for the experiments described here: 20
• , 25
• to the horizontal. A fixed sluice-type gate was placed at a distance of 39 cm from the endwall. This consisted of a vertical barrier terminated at its bottom by a horizontal cylinder of radius 2 cm, leaving a gap of (typically) 1 cm above the horizontal platform below. For the 20
• and 25
• slope experiments, the configuration was slightly different from the others.. Here, the topography used for 12
• slope experiments was tilted to the desired angle (20 • or 25
• ), which gave a sloping shelf region behind the gate with bottom slope 8
• and 13
• , respectively. Since the region behind the gate was effectively continuously filled with inflowing fluid during the experiments, this did not appear to cause significant differences from the expected results with a horizontal shelf.
Before each experiment, the tank was filled with stratified fluid to a level above this gap. This was produced by the familiar two-tank mixing procedure with salt water. This filled the whole tank including the region on the far side of the Perspex partition and the region underneath the slope and horizontal platform. The purpose of this was to have an approximately uniform stratification in the tank, by having a horizontal cross-sectional area that was uniform with height during filling. After filling, the gaps connecting the region beneath the slope and platform were closed and sealed, so that the fluid there was isolated and not involved in the subsequent experiment. After these gaps were closed and all motion due to filling had subsided, the vertical density profile was measured by a conductivity probe, constructed in house, that was calibrated at the top and bottom by samples measured in an Anton Paar densitometer. This profile was designated ρ 0 (z), with z positive upwards and the origin taken at the level of the platform of the source.
During the experiment, dense fluid was continuously supplied by a hose from an external reservoir to the region of the tank behind the sluice gate. The start-up procedure was as follows. First, a temporary barrier across the tank was inserted between the sluice gate and the endwall, as depicted in figure 1. Then, all ambient fluid between this temporary barrier and the endwall was removed by vacuum cleaner. The dense water supply from the hose was then turned on. When the surface of this dense fluid equalled that of the ambient fluid in the tank, the temporary barrier was removed, giving a sudden commencement at the removal time to the release of continuously supplied dense fluid. This fluid then flowed through the gap under the sluice barrier and down the slope.
The main experiment was performed by suddenly releasing dense fluid of density ρ i at the top of the slope in the manner just described, into a stationary stratified environment. This inflow was continued at a constant rate that was set and monitored by a flow meter in the inflow hose, and lasted for a fixed time that depended on the flow rate and ranged between 2 and 6 min. Various values of the inflow rate, inflow density and initial density gradient were used in a variety of experiments for each slope angle, and the details of these are given in table 1, which contain values of the controlling parameters and some key observations. The inflowing fluid was dyed with fluorescein, and illuminated in a thin central vertical section down the slope by a scanned beam from an argon ion laser, which gave a clear picture of a vertical crosssection of the motion. This cross-section was recorded on video tape for at least part of most runs. Overall observations of flows for these moderately steep slopes showed a variety of flow types ranging from gravity-current-like to plume-like, with a broadly two-dimensional form. These flows had an initial head structure that increased in size with slope angle, as described by Britter & Linden (1980 behind the head was steady in the mean for the remainder of the run, and is our main concern here. The observations made during the experiments included (i) videotapes of the motion in the laser-scanned vertical section viewed from the side, from which measurements of properties such as the depth of the downflow can be made on the screen, and (ii) precise measurements of the density profiles in the stationary fluid environment by conductivity probe before and after each experimental run. Taking the difference between these profiles enabled the measurement of the net flow into or away from the environment of the downflow. The analysis procedure used to obtain this is described in Baines (2001a Baines ( , 2002 and briefly, is as follows. Taking the initial and final density profiles and differencing them gives the net change in vertical elevation of each density surface, as a result of the total inflow. From this, we may infer the total volume of fluid that has been sequestered below this density surface, as a result of this experiment. Dividing this by the run time gives a vertically continuous representation of the flux of fluid that has penetrated to below each density surface. Scaling this flux with Q 0 gives the functionQ(ρ). FromQ(ρ) we may calculate the net mean downward flow at a fixed height z from
where ρ i (z) and ρ f (z) denote the initial and final density values at height z. Expressing this in terms of Z = z/D, we havê
is therefore an appropriately stretched version ofQ(ρ). The mean outflow velocity v(z) from the downflow is then given by
and in dimensionless form bŷ
Examples ofV (Z) are shown in the following section. Most results hereinafter are described in terms of the dimensionless vertical coordinate Z.
Observations
The values of the various parameters for the runs with bottom slopes of 20 • , 25
• , given in table 1, show that the initial values of the Buoyancy number B 0 cover approximately two orders of magnitude for each case, from ∼ 0.001 to ∼ 0.1. This covers the range of greatest variation in flow properties, and the transition between the flow regimes found for small and large (>0.1) B 0 . One complication is that at the smallest values of B 0 , the Reynolds number is also small (i.e. Re = O(100)), which means that viscous effects are significant in this limit, and the interpretation of these flows and their comparison with those at larger Re requires care. Qualitative descriptions of the mean flow have been obtained from careful observations of the videotapes of the movement of the fluorescein-dyed fluid, aided by theV (Z) curves. These are presented in the form of sketches in figures 2(a) to 5(a). Here the arrows denote mean motion, though the flow is often highly variable and turbulent, particularly in the mixing region above the bottom current. Values of the observed mean thickness of the bottom current near the upper part of the slope were measured on the screen, and these are given in table 1 for each run. The principal features of interest are the eventual distribution of the inflowing fluid, and the nature and location of the mixing processes that occur in causing this distribution. The results for a 30
• slope are described first, because they most resemble the more familiar case of turbulent plumes. Flows for the smaller slope angles are then described in turn. Dynamical descriptions, models and interpretations are presented in the next three sections. • slope with a smooth surface. These diagrams are indicative of the observed flow patterns, and are not intended to be quantitative. They have been constructed from examination of video tapes of the dye movements as viewed from the side, aided by theV curves shown in (b). In the region immediately above the bottom current, the flow is turbulent, and the arrows represent mean rather than steady motion. The upper dashed line denotes the upper limit of dyed fluid outside the initial downflow, which may be due to detrainment or springback. The lower dashed line denotes the initial equilibrium level of the dense fluid in the tank. As noted in the text, the first two runs are of a very unusual type, with two outflow regions separated by an entrainment region. (b)V profiles as a function of Z = z/D, for all the available runs for a slope angle of 30
• with a smooth surface.
Figure 2(a) shows sketches of representative flow patterns for 30
• . Correspondinĝ V (Z) curves are shown in figure 2(b). The latter shows all available curves, whereas the former only shows six representative flow patterns. As figure 2(a) indicates, the flow patterns for all values of B 0 greater than about 0.006 bear a close resemblance to the plume-type flow patterns described in Baines (2002) . For these cases, the inflowing fluid enters as a turbulent gravity current with a highly convoluted upper boundary, where it mixes with the environment. This causes initial entrainment into the bottom current, as seen by the net inflow of the environmental fluid at the upper part of the water column. Most of this entrained fluid lies outside (above) the turbulent interface of the bottom current, but none the less, moves downslope with it. This entrainment continues down the slope until a point is reached where it decreases to zero. Beyond this point, the descending dense boundary fluid rises from the boundary in a large coordinated fashion, in a similar manner to that at the bottom of a (negatively buoyant) turbulent plume adjacent to a sidewall in a stratified environment (Baines 2002) , as depicted in the bottom three frames of figure 2(a). One difference is that here, the region of separating motion appears to be more spread out along the slope, The rising motion, or 'springback', which is approximately steady in the mean, reaches up to a level that is ∼ 0.3D below the level of the inflow, below which it spreads laterally over a range of depths. Some of this fluid flows toward the wall where it is re-entrained into the bottom current, and the rest flows horizontally in the opposite direction, away from the wall. This is again the same behaviour that is seen in twodimensional turbulent plumes. TheV (Z)curves for these values of B 0 are also notably similar to those in the bottom part of figure 7 of Baines (2002) . There is one principal outflow region stemming from the springback process, with a single maximum, but with the suggestion of a second peak or 'shoulder' below. Above the dyed springback region, whereV > 0 near the top of the slope, there is entrainment of environmental fluid into the current.V is also positive below the outflow region (see figure 2b), and this latter region becomes more prominent and extends further below the level Z = −1 as B 0 increases. This is the overshoot region, in which the downflow overshoots the equilibrium level for the initial incident fluid, as seen for B 0 = 0.0938. Here, environmental fluid has been entrained into the turbulent boundary current, and then advected upwards in the springback process, causing a net inflow at these lowest levels of activity.
As the value of B 0 is decreased below 0.006 for 30
• slopes, the pattern of flow changes. While there is still entrainment at the upper part of the slope as described above, the large-scale coordinated upwelling near the bottom of the downflow becomes less concentrated and energetic, and spreads upslope (see the upper right-hand frame in figure 2a , B 0 = 0.006). For values near 0.004, there is still a small amount of springback when this broad flow leaves the slope, but as B 0 further decreases it begins to resemble the broad detrainment region seen in downflows on gentle slopes (Baines 2001a) . For the experiments with B 0 < 0.005, an unusual double-outflow was observed, as sketched in the first two frames of figure 2a and seen in the correspondinĝ V (Z) profiles. An upper boundary to the dyed fluid, at a level near Z = −0.1, marks the upper boundary of the upper outflow region, which is the limit of the sprung-back fluid that has risen from below. Immediately below this level, there is a region of net outflow. Below this region in the video images there is a gap of clear fluid, except close to the boundary, implying that the fluid here is inflowing due to entrainment by the downflow; below this clear inflowing region is the main outflow region, filled with detrained dyed fluid. The fluid in the upper outflow region is in the entrainment region of the boundary current, so that this dyed fluid has come from the detraining region further down. The interpretation of this upper outflow is that this fluid has not been fully mixed with the main downflow, but was entrained into the outer parts of it. After detraining at the bottom, it rises past the intervening clear outflow region in a narrow and conspicuously turbulent region close to the entraining downflow, as schematically depicted in the first two frames of figure 2(a) (B 0 = 0.0018, 0.004). As it passes, it is partly re-entrained, but sufficient fluid rises into the upper outflow region where the entrainment is weaker, and it is able to spread laterally away from the boundary. At the smallest values of B 0 , this flow looks very different from the plume-type picture, but still does not resemble the gravity-current type observed on slopes of 12 • and less; the picture here is complicated by the increased importance of viscous effects as represented by the low Reynolds numbers. †
The corresponding results for 25
• slopes are shown in figure 3 . For B 0 > 0.01, the flow has an essentially plume-like character, as for 90
• slopes, with a large single outflow region and inflowing entrainment regions above and below. Largescale overshoot and springback at the bottom are prominent. For B 0 < 0.01, the lower † Videos of the various types of downflow including this unusual case, may be viewed on the web as a supplement to the online version of this paper or at http://www.bris.maths. ac.uk/∼mapgb/. entrainment region has virtually disappeared, and for runs with B 0 < 0.007 the flows more resemble the gravity current type, with a broad lower-level region of fluid leaving the vicinity of the boundary and flowing away from it, with a small degree of local rising motion as it does so. However, there is no lower maximum in outflow, implying that there is still considerable entrainment and small-scale springback in these low B 0 flows. No indication of the double outflow structure seen for 30
• was seen for 25
• slopes, or any of the others described here. The results for smooth 20
• slopes are shown in figure 4 . Here the runs with B 0 > 0.02 are clearly of the plume type, and they more closely resemble the classic plumes for vertical slopes as B 0 increases further. For small B 0 , the flows have some visual resemblance to gravity currents, with some detrainment along most of the downflow. However, as B 0 increases, the entrainment near the top of the slope increases, and the region of detrainment contracts toward the bottom of the downflow and shows some degree of small-scale springback, in which the fluid immediately rises a short distance on leaving the slope. As the value of B 0 approaches and exceeds 0.01, the region of 'detrainment' becomes concentrated at the bottom of the slope, giving a large and conspicuous region of rising fluid reminiscent of that at the bottom of a plume. Some experiments were carried out with sandpaper (grain size ∼1 mm) on the bottom surface to explore the effect of an increase in roughness. This is marked by the symbol S a , as distinct from S, in table 1, for the runs with B 0 = 0.0085 and 0.023. This was not observed to cause any significant difference to the results, compared with those for the smooth surfaces for neighbouring B 0 values. The same results were also obtained when the same sandpaper was attached to the sloping bottom for some 12
• slopes, for a range of B 0 values which are not reported here -no significant change was observed with this increased roughness. In view of this, further experiments were carried out with very large roughness, namely a rubber doormat of common design with isolated roughness elements of a height of 7 mm that occupied approximately a quarter (measured to be 24 %) of the total volume below this level, a significant fraction of the thickness of the downflowing layer. These results are presented in figure 5 . Here, the flow for small B 0 values is clearly of the gravity-current type, and closely resembles that observed for the small slope angles (612 • ) in all respects. There is some entrainment at the very top of the slope, but over most of the length of the downflow the dense fluid detrains, giving a substantial outflow tongue at the bottom of the downflow, a short distance above the level of the density of the inflow. There is no springback of detrained fluid along the downflow, or at the bottom tongue. As B 0 is increased to values near 0.01, the outflow in this bottom tongue decreases in size, but the flow character remains unchanged with the exception that a small degree of springback is observed in the detrained fluid along the downflow. This flow type continues until B 0 exceeds values of about 0.03, above which the plume-like regime begins to become apparent, and this trend continues up to the maximum value examined, B 0 = 0.084.
For all of these slope angles, the flow at large B 0 values has the same characterthat of turbulent plumes on a steep slope, with entrainment into the current over most of the length of the downflow, and a large region of springback at the bottom providing most if not all of the outflow. Some net entrainment and inflow into the plume occurs in the overshoot region at the bottom, but this is less conspicuous than with vertical slopes, and for corresponding B 0 values, the magnitude of this decreases with the slope angle. For each set of runs, an approximate lower limit of B 0 values for this plume-like behaviour may be identified, and estimated values of this are given in table 2. As B 0 decreases below this value, the bottom springback region begins to spread upslope, with small-scale springback occurring along an increasing part of the downflow. This small-scale springback then decreases to zero, giving the differing flows seen at small B 0 for the different sets of runs, as described above. We note in passing that the three runs at 12
• slope described in Baines (2001a) for which B 0 > 0.06 should now be classified as 'plumes', or P-type. TheV curves for these runs are shown in figure 11 of Baines (2001a) , and an examination of the corresponding video tapes shows the P-type pattern. This divide at 12
• is also given in table 2. I next describe the observed properties of these flows on each side of the divide of table 2 (the GC-and P-regimes), that relate to the observations on small and vertical slopes, respectively. For flows on the gravity-current-like side of the divide of table 2, the profiles of B and Ri with height are shown in figure 6. These may be compared with the corresponding curves for gentler slopes in figure 13 of Baines (2001a) . For the B(Z) curves of figure 6(a) and 6(b), there is a tendency for B to increase with downslope distance, but this is not as marked as for the smaller slopes. This gradient also tends to increase with increasing B 0 , but reverses as the boundary with the plume regime is approached. The 'doormat' curves of figure 6(b) show this trend more clearly. The Richardson number curves for the gentle slopes show decreasing values of Ri with increasing downslope distance for small slopes, but this decreases to near zero gradients for 6
• slopes, and reversed sign for 12
• slopes, where there is an increase. This latter behaviour (Ri increasing with |Z|) is also seen for the 20
• slopes, for both smooth and doormat surfaces (figures 6c and 6d), and becomes more pronounced as B 0 increases. Although there is more scatter at these steeper slopes, the pattern is generally consistent with the trend in behaviour from 3
• to 12
• slopes, for both the B(Z) and Ri (Z) curves. Quantitative observations of the properties of the flows on the 'plume-like' side of the divide of table 2 are shown in figure 7, which shows the same variables as calculated for vertical plumes by Baines (2002, figure 8 ). Z 1 , Z 2 , and Z 3 give the values of the zero crossings of theV curves, where Z 1 denotes the upper limit of the outflowing fluid from the process of springback, Z 2 the lower limit, and Z 3 the point of furthest extent of the downflow as measured by the entrainment.Q(Z 1 ) andQ(Z 2 ) are the net downward mass flux at these levels, andQ(Z 3 ) = 0 by definition. For vertical plumes, the values of Z 1 , Z 2 and Z 3 all showed a decrease with increasing B 0 , particularly for Z 2 and Z 3 . Here, the Z 1 and Z 2 values are effectively constant. Z 3 shows a decreasing trend for slope angles 20
• , though there is considerable scatter, particularly for 20
• slope data.Q(Z 2 ) gives a measure of the quantity of fluid that is entrained at the bottom of the plume, and lifted to higher levels in the outflow. The values here are approximately uniform in B 0 with a mean value of approximately −0.1 for all of these slope angles. This is smaller than those for vertical plumes (−0.4). The values ofQ(Z 2 ) for 12
• slopes are very small, and corresponding Z 3 values are not measurable. TheQ(Z 1 ) values show considerable scatter with no discernible trend, and are also less than those for vertical plumes. Hence, despite the scatter and relatively small number of samples in the data, these properties support the notion that these flows may be identified as plumes, and modelled as such. This is quantitatively tested in the next section.
The plume model and P-regime observations
This plume-like regime is best represented by flow of dense fluid from a continuous line-source that descends vertically into a stratified fluid, under gravity (Baines 2002) . The presence of a vertical wall is almost incidental except that it provides some frictional drag and supresses meanders (Kotsovinos & List 1977) , but otherwise it does not affect the main character of the flow. The downward buoyancy is the dominant force on the dense inflow, and consequently the momentum flux increases downward. Turbulent mixing associated with the shear at the boundary of the downflow causes environmental fluid to be entrained into it, so that the net volume flux continually increases with downward distance. This process continues beyond the point where the buoyancy force vanishes and then becomes negative: the downward momentum of the plume carries it to a point where the velocity vanishes (the termination point). The fluid in the plume then moves away from the wall and rises with little mixing to spread across a range of heights appropriate to the range of density within it (the 'springback process'). Comparison with experiments (Morton, Taylor & Turner 1956; Bloomfield & Kerr 1998; Baines 2002) shows that the qualitative behaviour at least is reasonably well described by bulk equations for the volume, buoyancy and momentum fluxes in the plume.
This model may be generalized to flow down slopes that are not vertical. For two-dimensional flows down slopes that are steep enough to be dominated by these factors of buoyancy and entrainment, the bulk equations are
where the notation is mostly defined in § 1. The volume flux in the downslope sdirection is Q = Ud, where U is the mean fluid velocity in the plume,d is its width, and E is the entrainment coefficient. C D is the drag coefficient; for these experiments, a suitable value is taken to be 0.006 for smooth surfaces, and 0.013 for the rough 'doormat' surface. These equations are essentially those of Ellison & Turner (1959) , with the variable buoyancy of the environment added. Experimentally determined values of S 2 range from 0.6 to 0.9, and we here take a mean value of 0.75. It is customary (Turner 1986 ) to omit the pressure gradient term in (4.2), and this has been done here. For flow on non-vertical sloping surfaces, a hydrostatic form of this term could be included, adding a term −S 1 (d/ds)(d 2 G cos θ/2), where the shape factor (Ellison & Turner 1959 ) S 1 ≈ 0.2 to the right-hand side of (4.2). This term is small on steep slopes, but may be significant on gentler slopes and is included in the gravitycurrent model outlined in § 5. However, its inclusion in this plume model makes the solutions less realistic and more difficult to interpret, and hence is omitted here.
If we define the Richardson number Ri = Gd 3 cos θ/Q 2 , the momentum equation may be replaced by an equation ford, namely
so that (4.1), (4.3) and (4.4) give the required equations for Q, G andd. Substituting θ = π/2 gives the equations for vertical plumes (Baines 2002) . For present purposes, we call this the P-regime. It should be emphasized that, in this flow type and as described by this model, the downflow entrains over most of its path. The fluid entering the environment comes from the end of this downflowing current. The model does not describe the subsequent springback and entry of the fluid into the environment, and any mixing that is associated with this process. The entrainment coefficient for these flows is assumed to be a function of the Richardson number, and a number of functional forms have been fitted to various observations of entrainment in stratified shear flows (Fernando 1991) . For practical purposes, many of these are equivalent, and we here choose a form inferred for downslope flows into homogeneous environments from Ellison & Turner (1959) , as modified by Turner (1986) , namely
We may compare some predictions from this model with observations, as was done for vertical plumes in Baines (2002) . For the initial conditions at the top of the slope, we take (Q(0), G(0),d(0)) = (Q 0 , G 0 , 1), with the gap height of 1 cm taken as the initial thickness. Z f is the theoretical endpoint of the downflow, where the downward velocity U vanishes, and this may be compared with Z 3 , and the level of the peak of the model outflow Z m , defined by
may be compared with the level of the peak of the observed outflow, Z out . This is based on the assumption that, ifĜ f denotes the buoyancy of the fluid at the bottom of the downflow in the model, and little mixing occurs in the large-scale springback process, the fluid leaving the downflow should gravitate to level Z m . This comparison is shown in figure 8 , using the small number of P-type points for each slope angle from 12
• to 30
• . The theoretical curves for Z m and Z f are similar for all slope angles 20
• . The comparison is hampered by the degree of scatter and the small number of each set of points, but does indicate that there is some consistency between Z f and Z 3 , though there is considerably less between Z m and Z out . The theoretical values Z f lie slightly above most of those for Z 3 ; there is some discrepancy at large B 0 , but the three large values for Z 3 may not be significant, because the associated values ofQ(Z 2 ) are small. The theoretical values forQ(Z 1 ) (not shown), the flux at the lowest level not influenced by springback, are also consistent with observations, but mostly lie slightly below those shown in figure 7(b). This model can probably be improved by judicious tuning, but there are obvious limitations to a model that assumes that the fluid in the plume is locally homogeneous. No further quantitative use of this model is made in this discussion here. The main purpose of this section is to demonstrate that the flows in this P-regime for these slope angles may be modelled qualitatively as plumes; however, the comparison with observations is less than satisfactory, and more detailed models are probably required for quantitative results. The dynamics of these flows depend on the strength of the (negative) buoyancy of the fluid in the current, increasing the momentum flux as the fluid moves downstream, causing mixing and entrainment. If buoyancy becomes small enough so that the surface drag force is comparable, momentum flux remains constant, the flow rate, mixing and entrainment are reduced, and the model breaks down. This becomes more pronounced for smallerd.
The gravity current model and GC-regime observations
Downflows in this gravity-current-like regime are characterized by entrainment into the downflow at a rate E e U , and detrainment from it at a rate E d U (Baines 1999 (Baines , 2001a . Note that here the downflow has a distinct upper interface, and this entrainment and detrainment (and their coefficients) refer to the transfer of fluid across this interface. This concept of entrainment is therefore different from that for plumes described in the previous section, where it refers to the net inflow toward the plume. The corresponding equations may be written (Baines 2001a) 
where
These expressions for E d and E e have been determined from experiments with slope angles of up to 12
• . An observationally determined form for C 1 (θ) for small slope angles is given in Baines (2001a) . For these flows, there is an approximate dynamical balance between buoyancy and net drag, so that there is no overshoot at the bottom. The inflowing fluid does not penetrate beyond the equilibrium level of its initial density.
The question arises as to how well the expressions (5.4) for E d and E e apply to flows with slope angles up to 30
• . For the above model, from (5.1), E d − E e is given by 5) and all of the properties on the right-hand side may be determined from observations. The results for the 'doormat' runs on the gravity current side of the observed 'divide' are shown in figure 9. For these flows, the greatest similarity with flows at small slope angles is found at small B 0 , furthest from the GC-plumes divide. We note, however, that here the coefficient of E d − E e appears closer to 0.15 than 0.2, as given in (5.4). (There are conspicuous oscillations in these curves which are also found in the observations at small slope angles, and are attributed to columnar disturbance modes, but these are not important for the present discussion.) This power law form breaks down as B 0 increases to values greater than 0.01, approaching the GC-P boundary of table 2. For the smooth surfaces of 20
• , there is considerable scatter in the data for E d − E e (not shown here), which is a reflection of the fact that many of these flows are not pure gravity currents as described for small slopes. However, despite the large variability, there is a general tendency for these curves to be concentrated near the power relationship of (5.4). As for the doormat, the departure of the observed values from this theoretical curve increases as B 0 increases and conditions approach the regime boundary with plumes. In summary, despite the variability and the small number of samples for each slope angle, there is a general consistency between E d −E e as given in (5.4) and these observations over the range of depths where detrainment occurs, i.e. between the initial entrainment at the top of the slope, and the intrusion region at the bottom. We will assume its applicability in the following discussion for both smooth and rough surfaces.
The above form for E e may be assumed to apply for Ri values down to about 0.1, but is not suitable for very small Ri. There is experimental evidence (Fernando 1991; Strang & Fernando 2001 ) that E e for entrainment across a density interface in a shear flow becomes constant as Ri → 0. This suggests taking
The 'junction value' of 0.1 is somewhat arbitrary, and this form should be regarded as approximate for small Ri. The precise value of E e is not important if it is small. What is important is to avoid the non-physical singularity at Ri = 0, and this form is used in the remainder of this paper. The form of C 1 (θ) has not been measured for slope angles greater than 12
• , and a constant value of 1.2 × 10 −4 will be assumed here. Note also thatd has a slightly different interpretation in the plume and gravity-current regimes.
In the remainder of this paper, we discuss the parameter ranges where these flow types occur, and the locations of the boundaries between them.
Regime boundaries
In a typical experiment in the GC-regime, after steady downflow has become established, the incoming fluid at the top of the slope initially becomes turbulent as it moves downslope (for sufficiently large Reynolds number, Re). Here it entrains some environmental fluid as for homogeneous environments (Ellison & Turner 1959; Pawlak & Armi 2001) . However, the character changes when the fluid travels sufficiently far to feel the stratification. Which of the two flow regimes that then becomes established depends on the balance of terms in the momentum equation. In the 'gravity current' regime, there is a balance between buoyancy and drag,d and Ri are approximately constant, and the right-hand side of (5.3) is near zero for a finite value of Ri. However, if the right-hand side becomes negative,d and Ri decrease to zero and the gravity current model is no longer viable. Instead, the greater mixing that results from this more unstable situation sets up the 'plume' regime, in which buoyancy dominates and accelerates the flow downward. Hence, for the gravity current model to be viable, the right-hand side of (5.3) should be non-negative, i.e.
This equality may be used to give an equilibrium value for Ri, but the limit of the model is reached when Ri andd approach zero, and this criterion then becomes
If T < 0, the GC model is no longer applicable. We may anticipate that when this barrier (T = 0) is crossed, the smallness of Ri and consequent increase in shear will cause greater instability, turbulence, mixing and entrainment, so that the plume model will become applicable. Curves for the criterion (T = R i =d = 0) in θ-B space are shown in figure 10(a) for various values of C D + E e , superimposed on all the data points for the various runs for smooth surfaces. Data for the experiments for vertical slopes (90 • ) are not included, but all of these flows are plumes, and the B 0 values range down to 0.0018. The plume dynamics become preferred as the slope becomes steeper, as B increases, and the drag coefficient decreases. For smooth surfaces, a good fit to this boundary between the two regimes is given by C D + E e = 0.011, as shown in figure 10(b). For the doormat runs, however, the boundary is at C D + E e = 0.018, reflecting the larger drag coefficient ( figure 10c) . Hence, the plume-type flows are observed in the parameter ranges where the GCmodel cannot apply. This general consistency between these observed boundaries and the model criterion gives confidence in this interpretation of these results.
Conclusions and discussion
Flows down slopes into stratified environments may take two forms -a gravitycurrent-like regime (termed GC), and a plume-like regime (termed P). In the GC regime there is a balance between buoyancy and drag, so that the downflow consists primarily of an approximately locally homogeneous dense layer of constant thickness with a distinct upper interface, resembling a gravity current on a horizontal surface. This current entrains a small amount of fluid into it, but the mixing events that occur near its upper boundary over most of its length result in the stronger process of detrainment, in which mixed fluid leaves the vicinity of the downflow to find its own level in the environment. In the mean, this results in a continuous loss of fluid down the length of the current. In contrast, the P-regime resembles a turbulent plume, where the bottom drag is relatively less important, and the buoyancy force in the current is primarily balanced by mixing with the overlying environmental fluid. This strong mixing causes a net entrainment into the downflow, implying flow of the environmental fluid toward it along its length. The fluid in this plume overshoots its equilibrium density level, and springs back upwards in a large-scale motion with little associated mixing, to spread out over a range of heights of neutral density. • .
On the basis of the experiments reported here and in Baines (2001a Baines ( , 2002 , the boundary in parameter space between these two regimes is given approximately by (6.2) which is derived as the limit of viability of the model describing flow in the GC-regime. The GC-regime may be found when T > 0, which may be due to large drag coefficient, small B or small slope angle. When T < 0, the GC-model is invalid, and the experiments over a wide range of slope angles from 12
• to 90
• indicate that the flow has turbulent plume character. Hence T = 0 may be regarded as marking the onset of the P-regime, and the flow properties are approximately described by a modified version of the conventional 'plume' model. It is possible that transitions may occur between the GC-regime and the P-regime on a downflow. This has not been conspicuous in any of these experiments, but may well occur on a long slope where the slope angle varies with downslope distance.
Some properties of the buoyancy number B = QN 3 /G 2 should be noted in this regard. We observe that the limit N → 0 implies B → 0, which from (6.2) implies that gravity currents are found in this limit, although experiments give plumes (Ellison & Turner 1959) . The reason for this is that, with Q and G held constant, the limit N → 0 implies that D → ∞, so that the theoretical endpoint of the downflow recedes down the slope to infinity. On the upper part of the slope in all these experiments, the flow is initially plume-like and entrains in a vertical distance that varies from 0.1D to 0.3D, which correspondingly expands downslope as N decreases. Hence, at a fixed distance from the source region, decreasing environmental stratification tends to promote plume-like flow because the required distance for the fluid to travel to feel the effects of the stratification increases to large values beyond the field of view.
What is the main reason why the plume type flows entrain, but the gravity-current flows primarily detrain? The answer is dependent on the relative frequency of the turbulent mixing events that occur above the downflow. On a gentle slope, where buoyancy and bottom drag are approximately in balance, mixing events near the upper interface are sparse and relatively infrequent. A mixing event (due, say, to a breaking Holmboe wave -see § 4.8.2 of Baines 1995) produces a patch of partially mixed fluid just above the interface, outside the downflow. Since, because of its isolation, there are no other factors affecting its motion, this patch is free to sink slowly under gravity to find its equilibrium level. This event results in net detrainment from the environment of the current. If the mixing events are more frequent so that the mixing events are not isolated, then it is possible that the flow above the interface may become organized into a three-dimensional pattern that does not affect the interface, and still results in detrained fluid leaving the environment of the boundary. Such a flow pattern has been observed and described by Mitsudera & Baines (1994) , for flow over a slope of 6
• , in the same tank as used here. In those observations, the spanwise pattern of the three-dimensional flow occupied the whole width (23 cm) of the working section, with outflow in the centre and some weaker return flow near the sidewalls. The experiment was repeated in a tank of width 150 cm, with the same parameter values (Q 0 , G 0 etc.) per unit width. This resulted in approximately six periodic spanwise cells in the circulation above the downflow with similar width to that in the narrower tank, giving the same net detrained circulation. Hence, apparently coincidentally, the width of the narrow tank was sufficient to permit one cell.
If the slope is made steeper, or the drag coefficient is reduced, yet more mixing events occur at the upper boundary. If these become sufficiently frequent, they result in a broad sheet of partially mixed fluid, made up of closely spaced mixing events. In this situation, each parcel of mixed fluid is not sufficiently isolated to be able to leave the slope. Instead, the collective effect of these parcels causes them to act in a coherent manner, move downslope with the main current, and become identified with it. The net result is that the collective mixed patches result in net entrainment into the downflow at the levels where they occur, and the flow assumes the 'turbulent plume-like' structure. This is a manifestation of the well-known Coanda effect in fluid mechanics, in which a turbulent mixing boundary current hugs the boundary. There is clearly a reasonably distinct boundary between these two types of behaviour, as expressed by (6.2) and table 2.
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